Under aerobic conditions, yeast may synthesize ergosterol to the extent of 2 to 10% of their dry weight (8) . Although such quantities are made, little is known of the cellular function of sterols in yeast. However, much evidence has been presented which would suggest that ergosterol synthesis is closely related to the development of aerobic respiration (11, 18) . Sterols can be synthesized only under aerobic conditions since conversion of squalene to sterols is dependent upon molecular oxygen (20) . Under anaerobic conditions, biosynthesis proceeds only to squalene, which accumulates until aerobic conditions prevail, whereupon it is converted to sterol. Nevertheless, anaerobically growing yeast cells still require vitaminlike quantities of ergosterol (4) . If the sterol is not supplied, anaerobic growth stops after five to seven generations, and death begins about 24 hr later. Surviving cells are unable to adapt to respiration when exposed to aerobic conditions (16) . Inability to develop respiratory competence in lipid-starved cells may be related to the formation of abnormal promitochondrial membranes which are deficient in enzyme content (7) . Anaerobically grown, lipid-supplemented cultures may synthesize sterols and adapt to respiratory conditions upon subsequent aeration in resting culture; neither function requires cell growth (10) .
The study of the regulation of ergosterol I Present address: Department of Microbiology, University of Illinois, Urbana, Ill. 61801. synthesis during the shift from anaerobic to aerobic conditions is of importance in the attempt to understand the physiological function of sterols in yeast. Early studies of ergosterol synthesis employed the Leibermann-Burchard colorimetric assay (19) . The method, however, is not adequate for regulatory studies in that it is not sensitive to small changes in sterol concentration, the color quickly deteriorates (demanding close attention to time and temperature during assay), large volumes of cells are required, and other nonsaponifiable products of yeast metabolism interfere with color development. A specific and very sensitive sterol assay technique measuring the kinetics of the terminal reactions of sterol biosynthesis and their regulation would greatly facilitate research in this field. Previous results suggested that the transfer of radioactively labeled methyl group from methionine to ergosterol precursors might satisfy the requirements for such a study (1, 2) .
All of the carbons in ergosterol arise from acetate except carbon 28 in the side chain. This carbon is donated from the methyl group of L-methionine (3), via its activated form, Sadenosylmethionine (AM; 17). Transmethylation occurs after the cyclization of squalene to lanosterol; however, the identity of the natural methyl acceptor has not been established. Moore and Gaylor (14) have purified a A24_ sterol transmethylase which showed stoichiometry between the disappearance of zymosterol and AM and the appearance of fecosterol, a methylated zymosterol derivative. Further data suggest that the enzyme has a specific requirement for an acceptor with a demethylated ring structure (15) . However, the isolation of 4a-methyl-24-methylene-24,25-dihydrozymosterol from whole-cell preparations of yeast suggest that C-28 may be added before demethylation of the ring structure (5). Additionally, feeding experiments using 4a-methylzymosterol, 4a-methyl-24-methylene-24, 25-dihydrozymosterol, and obtusifoliol showed all to be converted to ergosterol (5) . Additional data are necessary to clarify the natural pathway of the terminal reactions of sterol synthesis. Further progress in determining this sequence beyond lanosterol has been hindered by the inability to identify ergosterol precursors, insolubility of sterols, low uptake rates in whole cells, and lack of sterol-requiring mutants.
Transmethylation reactions in whole cells may give indications of rates of synthesis of natural precursors and may afford a marker for separation of those precursors. The sterol transmethylation system in whole cells depends upon the uptake of methionine and its activation to AM, synthesis of the sterolic precursors, and finally transmethylation to the sterolic substrate. This paper reports the results of our studies on some of the components of the transmethylation system and the requirements for their expression during aerobic adaptation of anaerobically cultured yeast.
MATERIALS AND METHODS
Cultures. Haploid strains of Saccharomyces cerevisiae used were 22B (met), 3701B (ur), spontaneous respiratory-deficient mutants (petites) of each, and nys-3, an ergosterol-nonsynthesizing, nystatin-resistant mutant obtained from R. Woods (23) . MCC, a wild type diploid strain, was used also. Stock cultures were maintained on YC slants (19) containing either 2% (w/v) glucose or galactose and were transferred at monthly intervals.
Conditions for growth and aeration. Cells were grown anaerobically in 2-liter Erlenmeyer flasks which were filled to 1,800 ml with YAF broth (19) made to 2% (w/v) glucose, and into which Bunsen valves had been fitted to maintain anaerobic conditions. After 48 to 60 hr of growth at 30 C, at which time stationary phase had been attained, the cultures were chilled overnight and then harvested over crushed ice. Cells were washed twice with 0.1 M potassium phosphate buffer (pH 6.6) in a refrigerated centrifuge. Washed cells were made to 5 or 10 mg/ml (wet cell weight) in 0.1 M potassium phosphate buffer (pH 6.6) containing 1% (w/v) glucose unless otherwise specified, and were rapidly aerated at 30 C on a reciprocating shaker in flasks filled to 0.1 volume.
Transmethylation assay. Methyl-( '4C)-L-methionine (60 mCi/mmole) or methyl-( 4C)-S-adenosylmethionine (58 mCi/mmole) was added to a final concentration of 0.025 ztCi/ml unless otherwise noted, at the times described in the Results section. Samples (5 ml) were chilled for at least 5 min in an ice bath and then centrifuged at 650 x g for 3 min; the cell packet was saponified by the methanolicalkaline pyrogallol method (12) . The unsaponified lipids were extracted with three 10-ml volumes of nhexane, dried under a stream of N2, and redissolved in chloroform or 10 ml of toluene-2,5-diphenyloxazole-1, 4-bis-2-(5-phenyloxazolyl)benzene scintillation cocktail (22) . Label incorporated into the unsaponified lipid fraction was assayed in a Packard Tricarb liquid scintillation spectrometer.
Methionine and AM uptake assay. A 1-ml amount of the supernatant fluid from the 650 x g centrifugation as described above was added to 10 ml of Bray's (6) solution. The label remaining in the supernatant fluid was assayed in a Packard Tri-carb liquid scintillation spectrometer.
Thin-layer chromatography. 
RESULTS
Incorporation of methyl group into the nonsaponifiable lipids of unadapted cells. When methyl-14C-L-methionine was added to anaerobically grown, washed-cell suspensions, incorporation of label into the nonsaponifiable fraction during aeration was biphasic (Fig. 1) . A faster rate of incorporation followed by a long period of slow incorporation was observed. The maximal amount of label in the nonsaponifiable lipids after 4 hr was only 10% of the total added. These data were not compatible with results observed by LeibermannBurchard analysis, which showed sterol synthesis to proceed over several hours (19) . To determine whether the values obtained by transmethylation were indicative of sterol syn-VOL. 109, 1972 were aerated before the label was added, the _* more label was found in the unsaponified lipids. Thus, the transmethylation step ap- a Cell suspensions containing 10 mg of cells per ml were exposed to 0.025 mCi of methyl-14C-methionine or methyl-'4C-adenosylmethionine per ml. Experiment numbers are given in parentheses.
'Rate given as counts per minute disappearing from 1 ml of medium during the first 10 min of exposure to the label. cRate given as counts per minute disappearing from 1 ml of medium during the first 3 min of exposure to the label. ject to respiratory induction by imposed aerobic conditions, but they also experience extreme nutritional step-down. Sparging cells in adaptation buffer with N2 before exposure to 02 makes it possible to study the effects of the two factors separately. Anaerobically grown cells were sparged with N2 for 2 hr in adaptation buffer and then exposed to labeled methionine at the onset of aeration. The kinetics of uptake and incorporation in these cells were compared with those of unadapted cells and those of cells aerated for 2 hr before addition of labeled methionine. The rate of incorporation of methyl donor into the nonsaponifiable fraction in the N2 sparged cells was only about 15% of that of the aerated cells (Fig. 3a) and probably only reflected accidental exposure to air during manipulation of the culture. However, the rate of uptake in those cells was about 65% of that in cells aerated for 2 hr (Fig. 3b) . These results suggest that, whereas the rate of incorporation of methyl group into the nonsaponifiable fraction is dependent upon the presence of 02, the increased rates of uptake of methyl donor are a reflection of nutritional step-down.
Effect of carbon source on rate of transmethylation of the nonsaponifiable fraction. (b) Effect on methionine uptake. Cells grown anaerobically for 60 hr were made to 10 mg/ml in adaptation buffer, and exposed to 0.025 MCi of methyl-14C_ methionine per ml before aeration (-), after 2 hr of aeration (0), and after 2 hr sparged with N2 (A).
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240 STARR Al or in 3% ethanol did not exhibit either the rapid rate of uptake or of transmethylation when exposed to labeled methionine (Fig. 4) or AM. Only those aerated in glucose or galactose exhibited the increased rates of uptake and of incorporation into nonsaponifiable lipids. These results agree with data obtained previously by means of the Leibermann-Burchard assay (19) .
Products of the transmethylation reactdon. To show whether all of the nonsaponifiable product labeled and isolated by these methods was sterolic, unadapted cells of strain 22B were aerated for 2 hr in labeled methionine, the unsaponified lipids were extracted, and the components were separated by thinlayer chromatography. Although several stained spots were observed, all of the label appeared in a spot that turned green when exposed to Leibermann-Burchard reagent, precipitated with digitonin (13), and had the same mobility as ergosterol (RF 0.13; Fig. 5 ). Thinlayer scans of other strains tested were identical except in the case of strain nys-3. This strain accumulated a sterolic product that had a higher mobility (RF 0.32), more like that of zymosterol (RF 0.33). Feeding experiments showed that this sterol was converted to ergosterol (L. W. Parks, unpublished results), and thus may be a natural precursor to ergosterol. To determine whether a similar product could be detected in strain 22B, cells were adapted for 2 hr before label was added; the culture was sampled at 3, 20, and 60 min after exposure to the label, and the nonsaponifiable lipids were extracted and chromatographed. Since the rate of transmethylation was so much faster in adapted cells, the possibility of detecting the precursor was greater under these conditions. As shown in Fig. 6 , the label moved rapidly through a zymosterol-like product and accumulated in ergosterol. After 3 min, 50% of the label was in the faster moving component, after 20 min only 15% remained, and after 60 min only ergosterol was labeled. Uptake was complete within 6 min after addition of label.
DISCUSSION
The synthesis of sterols may be a necessary (21) . Thus, the transmethylation step appears to be an important cellular reaction, and the product has normal function in nys-3 as shown by growth on ethanol and characteristic mitochondrial profiles in electron micrographs (P. R. Starr, unpublished results).
The development of the transmethylation system in adaptation buffer was dependent upon aeration in the presence of a fermentable carbon source. An adequate supply of methyl donor was assured under these circumstances by a concomitant increase in the methionine and AM transport systems. The permeation system had increased activity as a result of nutritional step-down and not as a result of aerobic adaptation.
The transmethylation assay, as described here, measured activity only over short time periods; proffered methionine not used rapidly for sterol synthesis became unavailable for later sterol methylation. In unadapted cells, the rate of transmethylation was low and the percentage of methionine taken up that was eventually incorporated into the nonsaponifiable lipids was also low (1 to 6%). In cells adapted for 2 methionine taken up was incorporated into the sterolic fraction (30 to 40%). Some of the competition for methionine could be reduced by aeration in the presence of cycloheximide; in this case, the rate and extent of methyl group incorporation into the nonsaponifiable fraction was increased (P. R. Starr, unpublished results).
Both products of the transmethylation reaction of strain 22B isolated by our methods and separable by thin-layer chromatography were sterolic in nature. The more polar one had kinetics expected for a precursor of ergosterol and had the thin-layer chromatographic characteristics of a methylated zymosterol derivative. The mutant strain, nys-3, did not synthesize ergosterol, but accumulated a methylated product with the same mobility as the more polar sterol of strain 22B. This methylated sterol, identified by nuclear magnetic resonance as 8(9),22-ergostadiene 3,B-ol, when fed to strain 22B was transformed into ergosterol (L. W. Parks, unpublished results). Since both fecosterol, the product of transmethylation in purified enzyme preparations (14) , and 8(9), 22-ergostadiene 3,B-ol would most probably have the same mobility by the method used, it was not possible to determine whether the precursor product of strain 22B was one or the other or a mixture of both. The possibility that STARR AND PARKS it was a mixture of both raises interesting speculation concerning the authenticity of identification of any sterol with two double bonds in the side chain. Ergostatetraene, suggested by Turner and Parks (22) and Katsuki and Block (9) as a precursor of ergosterol, was not detected.
The transmethylation reaction may be used as a measure of the rate of sterol synthesis in short-term experiments under the conditions described. The changes in rates reflect similar changes in sterol synthesis as shown by the Leibermann-Burchard assay (19) . Regulatory studies in which the labeling technique is used are now in progress.
